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I. INTRODUCTION
Fundamental understanding of the early stages of oxidation of metals and alloys is of great importance for many technologically important processes including corrosion, catalysis, microelectronic packaging, and synthesis of selfassembled nanostructures of metal oxide. For instance, Cu and Cu alloy are widely used as conducting and packaging materials for tracks on printed wiring board (PWB), lead frames, interconnection wires, foils for flexible circuits, and heat sinks in microelectronic packaging. The environmental stability of Cu and Cu alloys and their resistance to oxidation are highly desired for these applications, [1] [2] [3] and it becomes a more crucial problem when the dimensions of fabricated semiconductor devices shrink to the nanoscale. The interest in fundamental understanding of early stage oxidation of metals is not only because of its relevance to controlling metal oxidation but is also motivated by the numerous applications where surface oxides play a critical role. Metal and metal oxides are widely used as heterogeneous catalysts in industry, and their catalytic properties are intimately related to the oxidation states of metal atoms and surface morphology of the oxide film formed on metal surfaces. It has been increasingly apparent that the catalytic active phase for some transitional metals is in fact their oxides rather than the pure metals. 4, 5 Generally, the oxidation of metals and alloys involves hierarchical multiple length scales and proceeds from oxygen surface chemisorption to oxide nucleation and growth and then to the formation of a continuous, macroscopically thick oxide layer. Over the past decades, surface science studies on the oxidation of metal surfaces under idealized conditions, i.e., ultrahigh vacuum (UHV), have provided a wealth of knowledge on the microscopic processes of oxygen chemisorption including oxygen adsorption induced surface restructuring, adsorption sites, and reaction pathways. 6 In the traditional studies of oxidation, much attention has been devoted to the kinetics of growing continuous oxide films by measuring the weight gain and oxygen consumption using thermogravimetric analysis (TGA), thereby identifying the dominant migrating species (i.e., cations, anions, or vacancies) controlling the oxidation rate. 7 Therefore, a still poorly understood regime in metal oxidation is its transient early stages, i.e., oxide nucleation and growth at the nanoscale. Investigation of the nanoscale oxidation of metals and alloys is, therefore, highly desired for bridging the information gap between the knowledge obtained from the surface science methods which mainly focus on the oxygen adsorption of up to one monolayer and that of the traditional oxidation studies of bulk oxide growth.
A key challenge in understanding these early stages of the oxidation of metals and alloys has been the scarcity of structural information obtained in situ during oxidation, due, in large part, to the inability of traditional experimental techniques to perform in situ measurements of the structures and kinetics at the nanoscale as the reaction progresses. In situ environmental transmission electron microscopy (TEM) techniques solve this limitation by introducing reactive gases to specimens at the nanoscale and therefore significantly broaden the conditions of observation. 8, 9 The unique aspect of in situ TEM experiments is to provide dynamic information from nucleation to growth and coalescence of oxide islands at the nanometer scale under the controlled oxidation conditions, a)
Author to whom correspondence should be addressed. Electronic mail: gzhou@binghamton.edu. which is inaccessible by both surface science and traditional bulk oxidation methods but is essential for understanding the atomistic initial-stage oxidation kinetics. Using in situ TEM techniques, the oxidation of pure copper has been extensively investigated, and it has been shown that the early stage oxidation of copper typically involves nucleation and growth of oxide islands in which the oxygen surface diffusion plays a dominant role in determining the initial oxidation kinetics. [10] [11] [12] [13] [14] These observations represent a departure from the classic theories of metal oxidation which assume uniform, layer-by-layer growth of continuous oxide films. 15, 16 Compared to the extensive research on the oxidation of pure metals, the studies on the initial oxidation of alloys have been significantly fewer. This is largely due to the complexities associated with the oxidation of alloys, which include different oxygen affinities of the alloying elements, redistribution and segregation of the alloying elements, the formation of multiple oxide phases and the solid solubility between them, various mobilities of metal ions in the oxide phase, and different diffusivities of metals in the alloy. Choosing Cu-Au as model system, we studied the effect of alloying on the growth morphologies of oxide nanoislands, and a square-to-dendritic transition has been observed. 17 In this work, we perform a detailed in situ TEM study of the early stage oxidation kinetics of Cu-Au alloys containing a noble metal and an oxidizable metal and seek the effects of alloying on nucleation orientations of oxide nanoislands. The Cu-Au system is selected since it allows for some of the features of alloy oxidation to be examined without the complication of the simultaneous formation of multiple oxides. Also, at temperatures >400 C, where the oxidation behavior is of most interest, Cu and Au are fully miscible (the Cu-Au system is single phase face-centered cubic above 400 C for all composition and only one of the components oxidizes).
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On the other hand, most of the studies of initial stages of metal and alloy oxidation have been performed under high vacuum conditions while technological applications such as catalytic reactions or oxidation-induced failures in microelectronic devices occur typically under ambient or near atmospheric condition. Therefore, detailed study of the oxidation behavior under practical gas conditions is highly desired, and some recent studies revealed the reaction mechanisms can be indeed significantly different between UHV conditions and ambient gas pressures. 5, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In this work, we study the oxidation of Cu-Au(100) alloys under the realistic conditions of the oxygen gas pressure varying from 5 Â 10 -5 to 760 Torr by investigating the effect of alloying Cu with Au on the nucleation orientations of oxide islands. Our study reveals a transition from nucleating epitaxial Cu 2 O nanoislands to non-epitaxial oxide islands upon increasing the oxygen gas pressure, and this pressure depends sensitively on the Au mole fraction in the Cu-Au alloys. By varying Au concentration from 5% to 50% (atomic percentage) in the Cu-Au(100) alloys, we observe that the critical oxygen pressure leading to nucleating randomly oriented oxide islands decreases with the increased Au composition for the same oxidation temperature. Our kinetic model reveals that this behavior is related to the dependence of the oxide nucleation barrier on the alloy compositions that modify the critical oxygen gas pressure leading to the orientation transitions of oxide nuclei.
II. EXPERIMENTAL
Single crystal $700 Å thick Cu-Au(100) alloy thin films of different compositions were epitaxially grown on NaCl(100) substrates in an electron-beam evaporator by codeposition at 400 C. The thickness of 700 Å of free standing Cu-Au films was chosen so that the alloy films were thin enough to be examined by the TEM but thick enough for the oxidation behavior as close as to that of bulk metal. The composition of the thin film was controlled by adjusting the evaporation rates of the Cu and Au sources. The alloy thin films were removed from NaCl substrates by floating in deionized water, washed and mounted on a specially designed TEM holder that allows for resistive heating up to $1000
C. The film compositions were calibrated by TEM x-ray energy dispersive spectroscopy (EDS) analysis, and the single-crystallinity and orientations of the alloy films were checked by TEM electron diffraction. Our in situ oxidation experiments were carried out in a modified JEOL 200CX TEM. This microscope is equipped with an UHV chamber with a base pressure at $10 À8 Torr. A leak valve attached to the column permits introduction of gases directly into the TEM with a controlled oxygen gas pressure (pO 2 ) ranging from 5 Â 10 À5 Torr to 760 Torr, which can be monitored by a full range vacuum gauge. Before the oxidation experiments, any native oxide was removed by annealing in the TEM chamber at 750 C under vacuum condition 29, 30 or in situ annealing under H 2 gas at pressure $10 À5 Torr and 350 C, resulting in a clean surface. The sample cleanliness was checked by EDS analysis and electron diffraction. Oxygen gas of 99.999% purity was then admitted into the column of the microscope through the leak valve to oxidize cleaned alloy films at 400 C under a constant pO 2 between 5 Â 10 À5 Torr and 760 Torr. Real time TEM observations of the oxidation can be made at pressures 8 Â 10 À4 Torr. For the higher pO 2 , the electron gun is isolated from the TEM column during the oxidation, and TEM characterization was made immediately after the oxidation by quickly pumping the TEM column to vacuum. TEM techniques including electron diffraction, bright and dark field imaging, highresolution TEM, and electron moiré fringe imaging were utilized to determine the orientation relationships of oxide islands with the Cu-Au alloy substrate.
III. EXPERIMENTAL RESULTS
After introducing oxygen gas to the TEM chamber, no oxide islands emerge on the Cu-Au surface immediately. After an incubation time, visible embryos ($10 nm) of Cu 2 O islands can be observed, and the number density of oxide islands increases and reaches a saturation density with the continued oxidation. It is observed that the saturation time (the time required for reaching the saturated density of oxide islands) depends on both the oxygen partial pressure and Au concentration in the Cu-Au alloys. The higher oxygen pressure results in a faster oxide nucleation rate and therefore a shorter saturation time for samples with the same Au composition, while for the same oxygen pressure, increasing the Au content in the alloy leads to a longer saturation time.
As shown in Fig. 1 , for instance, the saturation time is $15 min for the oxidation of a Cu-5 at. % Au(100) alloy at pO 2 ¼ 5 Â 10 À3 Torr and T ¼ 400 C while it is $5 min for the oxidation at pO 2 ¼ 5 Torr and T ¼ 400 C. Fig. 1 (b) shows the dependence of the saturation time on the Au composition, i.e., for the same oxygen gas pressure and oxidation temperature, a larger Au composition leads to a slower nucleation rate of oxide islands and thus a longer saturation time.
In situ TEM imaging is also used to determine the number density of oxide islands during the oxidation of Cu-Au alloys. The measurements indicate that the saturation density of oxide islands depends on both the oxygen gas pressure and Au composition. Fig. 2 shows the dependence of the saturation density of oxide islands as a function of the Au composition varying from 5 at. % to 50 at. % in the Cu-Au(100) alloys and the oxygen gas pressure ranging from pO 2 ¼ 5 Â 10 À4 Torr to 500 Torr for the oxidation at 400 C. It can be noted that the saturation density of oxide islands increases with the Au composition and the oxygen gas pressure, i.e., oxidation of the alloy with a larger Au composition results in a higher island density for the same oxygen pressure; the oxidation by a higher oxygen pressure leads to more dense oxide islands for the alloy with the same Au composition.
The above observations suggest that the oxide nucleation processes can be strongly influenced by the oxygen gas pressure and Au composition in the alloy. The observed dependence of the saturation time and saturation density of oxide islands on the oxygen gas pressure as shown in Figs. 1 and 2 suggests that the oxide nucleation processes are limited by oxygen surface diffusion: The oxide nucleation results from collisions of diffusing oxygen atoms greater than a threshold. Upon formation, the critical nucleus begins to grow by capturing diffusing oxygen in its neighborhood, thus leading to a local decrease in the density of oxygen atoms. The probability of nucleating a second island within this oxygen-depleted region is correspondingly reduced because of the locally released supersaturation conditions required for island nucleation. Therefore, an active zone of oxygen capture exists around individual oxide islands, and the radius of this capture zone is proportional to the fraction of available surface area outside these zones of oxygen capture. The increase in oxygen gas pressure can significantly increase the oxygen impingement rate, thereby quickly reaching the threshold of oxygen atom density for nucleating oxide islands. Thus, the saturation time decreases while the saturated island density increases with increasing the oxygen gas pressure.
The observed increase in both the saturation time and the density of oxide islands with increasing the Au composition suggests that the oxygen surface adsorption and surface diffusion can be significantly influenced by the alloy compositions: Both the oxygen surface adsorption and surface diffusion decrease with increasing the Au composition. This is because Au does not show affinity with oxygen. Therefore, a longer time is needed to reach the threshold of oxygen atom density for nucleating oxide islands for the Cu-Au alloy with a larger Au composition, which correspondingly results in a longer saturation time for reaching the saturated island density. In addition, the reduced surface mobility of oxygen atoms for increasing the Au composition leads to a smaller capture zone of oxygen. Therefore, the attachment to an existing oxide island is less favorable than the nucleation of new nuclei, resulting in more dense oxide islands. We then examine the effect of oxygen gas pressure on the nucleation orientations of oxide islands during the oxidation of the Cu-Au(100) alloys. Fig. 3(a) shows dark-field (using Cu 2 O(220) diffraction) and Figs. 3(b) and 3(c) show bright-field TEM images of a Cu-5 at. % Au(100) surface oxidized at 400 C under the different oxygen pressures for 15 min. The saturation density of oxide islands increases with the increase of oxygen partial pressure for the oxidation (note that the bright-field TEM imaging is preferred for oxide islands formed under the higher oxygen pressure for better visibility of individual islands due to the increased island density). Selected area electron diffraction (SAED) patterns of the oxidized Cu-5 at. % Au(100) surfaces confirm that the oxide islands formed from the oxidation have a Cu 2 O phase. The SAED patterns show a cube-on-cube epitaxial relationship between the oxide islands and the alloy substrates for the oxidation at lower oxygen pressures (pO 2 < 5 Torr), i.e., the orientation relations of (011) Fig. 3(c) . The ring diffraction patterns imply that the epitaxial nucleation of Cu 2 O islands is lost with the alloy substrate. The relatively uniform intensity along the diffraction rings suggests that these oxide islands are oriented randomly without preferred orientations (note that individual oxide islands are still visible for the oxidation at pO 2 ¼ 150 Torr for 15 min). The appearance of additional diffraction spots or rings surrounding the Cu-Au reflections in the electron diffraction patterns shown in Fig. 3 is caused by the double diffraction of Cu 2 O islands and the Cu-Au(100) substrates.
Similar behavior in the orientation transition from nucleating epitaxial Cu 2 O islands to non-epitaxial oxide islands is observed for the oxidation of other alloy compositions. Cu-5 at. % Au(100) sample, the island density increases but the average island size decreases for the larger Au composition. Individual oxide islands are visible for the lower oxygen gas pressures, but the oxidation at pO 2 ¼ 100 Torr results in a coalesced oxide film. A significant difference from the oxidation of Cu-5 at. % Au(100) sample is that a lower oxygen gas pressure is needed in order to nucleate non-epitaxial Cu 2 O islands, as shown in Fig. 4(c) . This trend can be further confirmed from the oxidation of Cu-50 at. % Au(100), as shown in Fig. 5 . The density of oxide islands is further increased, and the oxidation at pO 2 ¼ 0.5 Torr already results in a coalesced oxide film for the larger Au composition. The transition to nucleating non-epitaxial Cu 2 O islands occurs at pO 2 ¼ 5 Torr, significantly lower than the Cu-Au(100) with the smaller Au compositions. A series of Cu-Au samples with different Au compositions (5 at. %, 10 at. %, 15 at. %, 20 at. %, 30 at. %, 40 at. %, and 50 at. %) has been examined from our TEM experiments, and the oxygen gas pressure required for nucleating non-epitaxial Cu 2 O islands is determined from the oxidation of these different Cu-Au(100) alloys at 400
C. Fig. 6 shows the determined dependence of the oxygen gas pressure on the Au composition for nucleating non-epitaxial Cu 2 O islands on the Cu-Au(100) substrates. A clear trend identified from these samples is that the critical oxygen gas pressure leading to the orientation transition from nucleating epitaxial oxide islands to nucleating randomly oriented Cu 2 O islands during the oxidation decreases with increasing the Au composition in the alloys.
The oxidized Cu-Au(100) samples were also examined by high-resolution TEM imaging, which provides better spatial resolution for determining the dependence of the orientations of oxide islands on the oxygen gas pressure. Fig. 7(a) shows a [001] zone-axis HRTEM image of Cu 2 O nuclei on Cu-5 at. % Au(100) surface oxidized at pO 2 ¼ 0.005 Torr and T ¼ 400 C. Two-dimensional (2D) moiré fringe pattern caused by the overlapping of Cu 2 O and Cu-Au alloy lattices can be seen clearly in the HRTEM image. The size of the oxide nuclei observed is about 10 nm, as can be determined from the size of the regions with the moiré fringe contrast. The moiré fringes running parallel to {110} lattice planes of the Cu-Au(100) substrate suggest that the Cu 2 O nuclei have the cube-on-cube epitaxy with the Cu-Au lattices, i.e., the equivalent planes and directions of Cu 2 O islands and the CuAu substrate are matched. This epitaxial relationship of oxide nuclei with the Cu-Au(100) substrate is also confirmed by the Fourier transform pattern of the HRTEM image as shown in the inset, which shows the same feature as the SAED pattern, as given in Fig. 3(a) . Fig. 7(b) is an HRTEM image from the oxidation of the Cu-5 at. % Au(100) sample at pO 2 ¼ 150 Torr and T ¼ 400 C. Individual Cu 2 O islands are still visible despite the increased island density, and the average size of oxide islands is about 4 nm. No moiré fringe contrast is visible in the HRTEM image, indicating that Cu 2 O islands and the substrate have no epitaxial relationship, i.e., the oxide islands are oriented randomly with the Cu-Au substrate. The Fourier transform pattern of the HRTEM image is similar as the SAED pattern shown in Fig. 3(c) , confirming the nature of non-epitaxial orientations of oxide islands with the Cu-Au(100) substrate. The small sizes of the epitaxial and non-epitaxial oxide islands observed in these HRTEM images suggest that the orientations of the oxide islands are already set up in the very early stage of the oxide formation. The above observations indicate that increasing the oxygen gas pressure leads to the transitions from nucleating epitaxial oxide islands to nucleating non-epitaxial oxide islands, and the oxygen pressure required for such a transition decreases with increasing the amount of Au alloyed with Cu. Nevertheless, it is crucial to confirm that the observed random orientations of oxide nuclei on the Cu-Au surfaces indeed result from the initial stage of oxide nucleation rather than from the evolution of orientations of oxide islands caused by oxide growth and coalescence. Therefore, we examined the evolution of orientations of oxide islands as a function of oxidation time. As an example, Fig. 8 shows bright-field TEM images and the corresponding SAED patterns obtained from the oxidation of Cu-20 at. % Au(100) surfaces at 400 C for 30 min with the oxygen gas pressures of pO 2 ¼ 0.5 Torr, 5 Torr, and 50 Torr, respectively (note that the oxygen pressure required for forming non-epitaxial Cu 2 O islands is $80 Torr for this alloy composition). As shown in Figs. 8(a) and 8(b) , oxide islands are still visible for pO 2 ¼ 0.5 Torr and 5 Torr, and the epitaxial relationship of the oxide islands with the Cu-Au(100) substrates is maintained despite the longer oxidation time compared to Fig. 4 , where the Cu-20 at. % Au(100) sample was oxidized for only 15 min. For the oxidation at pO 2 ¼ 50 Torr, oxide islands have already coalesced to form a continuous oxide film, as shown in the Fig. 8(c) , and the SAED pattern shows that the oxide film is still epitaxial with the Cu-Au(100) substrate. The observations suggest that oxide islands undergo no significant change in crystallographic orientations during the oxide growth. Similar experiments were performed on Cu-Au(100) samples with other Au compositions, and it is found that the epitaxial relation of oxide islands (and the continuous oxide films after coalescence) with the Cu-Au substrate is maintained during continued oxidation if the oxygen gas pressure is below the critical oxygen pressure for nucleating non-epitaxial oxide islands. These observations indicate the orientations of oxide islands are largely determined in the stages of oxide nucleation rather than from later stages of oxide growth.
The orientation of an island may vary with the island size during thin film deposition, depending on the interfacial interaction between the island and substrate in addition to the kinetics. Such a size dependent orientation has been observed in various epitaxial systems such as metal clusters (Ag, Au, Pd, and Pt) supported on MgO(100) 31 or Si(111) substrates. [32] [33] [34] However, such size dependent orientation is not observed for oxide islanding during the oxidation of Cu in our experiments. This is because the nucleation of an oxide island requires reaction between surface oxygen and the underlying metal substrate, this causes oxide nuclei embedding into the metal substrate, as schematically shown in Fig.  9 . Therefore, the orientation of an oxide island is largely determined in the initial stages of oxide nucleation and is less likely to adjust its orientation in the later stages of growth due to the confinement by the substrate. This is consistent with our observations, as shown in Fig. 8 , which demonstrates that the cube-on-cube epitaxy is maintained during the growth and coalescence of oxide islands as a function of oxidation time.
IV. DISCUSSION
The most striking observation from our experiments is the transition from nucleating epitaxial oxide islands to nonepitaxial oxide islands by increasing the oxygen gas pressure and the dependence of the critical oxygen pressure required for such an orientation transition on the Au composition in the Cu-Au alloys. To understand this behavior, we first look at the effect of Au composition on the thermodynamics of oxide nucleation on Cu-Au surface. Considering a typical three-dimensional nucleation on a plane Cu-Au surface, the free energy change DG that drives the oxidation reaction can be determined for the alloy oxidation reaction 2Cu 1Àx Au x þ 1 2 O 2 ! Cu 2 O by assuming Cu-Au as an ideal solution,
where V is the volume of the oxide nucleus, DG 0 is the standard free energy change for the formation of Cu 2 O which can be calculated by the equation 35 where R is the gas constant, T is the oxidation temperature, x Au is the mole fraction of Au in the Cu 1Àx Au x alloy, and pO 2 is the oxygen partial pressure. We can obtain the dependence of the equilibrium oxygen pressure, pO e 2 , on the alloy composition by letting DG ¼ 0,
We then examine the kinetics of oxide nucleation and determine how it depends on the alloy composition and oxygen gas pressure. By assuming a double cap-shaped oxide island with the metal substrate by considering the effect of oxide island embedment into the metal substrate, as shown in Fig. 9 , the interfacial contact angles, h 1 and h 2 , with the substrate can be related by the energy equilibrium condition r NO cosh 1 þ r NS cosh 2 À r SO ¼ 0, where r NO , r NS , and r SO are the interface energies, respectively, for the interfaces between the oxide nucleus and oxygen gas, nucleus and substrate, and substrate and oxygen gas. Based on the classic heterogeneous nucleation theory, the nucleation rate of oxide islands, defined as the number of stable nuclei created per area-time, can be obtained as in Eq. (3) is the geometrical factor for a plane surface, X is the volume of an oxygen atom in the oxide phase, s the oxygen sticking coefficient, N o the density of available oxygen adsorption sites, m the molecular mass of oxygen, E sd the activation energy for O surface diffusion, E des the activation energy for desorption, k the Boltzmann's constant, and T the oxidation temperature.
To obtain the effect of alloy composition on the nucleation orientations of oxide islands, we introduce a parameter n ¼ cos h 1 for characterizing the degree of structure match at FIG. 9 . Heterogeneous nucleation of a double cap-shaped oxide island on an alloy substrate, where the oxide nucleus embeds into the substrate due to the incorporation of underlying substrate atoms into the oxide phase. The contact angles for the upper and bottom caps are h 1 and h 2 , respectively. r NO , r NS , and r SO represent the energies of the interfaces between the nucleus and oxygen gas, nucleus and substrate, and substrate and oxygen gas, respectively.
the interface between the oxide nucleus and the alloy substrate. For a given system, the strong interaction and ideal structural match (i.e., epitaxial nucleation) lead to the complete wetting of the oxide phase with the substrate and result in the contact angles h 1 þ h 2 ¼ 0 and thus n!1; on the other hand, the weak interaction and poor structural match (i.e., nonepitaxial nucleation) lead to nonwetting of the oxide phase with the structure and thus result in the contact angles of h 1 ¼ 180 , h 2 ¼ 0 , and correspondingly n ! À1. Therefore, heterogeneous nucleation of oxide islands during the oxidation occurs in the range between n ¼ 1 and n ¼ À1. By substituting n and Eqs. (2) and (4) into Eq. (3), we can obtain the nucleation rate J/B as a function of the structure match parameter n for different oxygen gas pressures and alloy compositions. As an example shown in Fig. 10(a) , the nucleation rate J/B is plotted via n for different pO 2 for the oxidation of Cu-20 at. % Au(100) alloy at 400 C. As seen in the plots, the oxidation of the Cu-Au alloy is dominated by epitaxial nucleation of oxide islands (e.g., n ¼ 1) for the low oxygen pressure. With the increase in oxygen gas pressure, the non-epitaxial nucleation (e.g., n ¼ À1) of oxide islands is promoted, and the difference in nucleation rates between epitaxial and non-epitaxial nucleation is dramatically reduced. Therefore, both epitaxial and non-epitaxial oxide islands are nucleated simultaneously on the alloy surface under the high oxygen pressure.
The effect of alloy composition on the nucleation orientation transition of oxide islands is illustrated in Fig. 10(b) . The nucleation rate J/B is plotted via n for the several Au compositions x Au for the oxidation of the Cu-Au alloys at 400 C under the same oxygen pressure (pO 2 ¼ 100 Torr). As can be seen from the plots, the oxidation of alloy surface is dominated by epitaxial nucleation of oxide islands for Cu-Au alloy with Au composition x Au < 20% while non-epitaxial nucleation of oxides is highly promoted for Cu-Au alloy with Au composition x Au > 20%. Therefore, both epitaxial and non-epitaxial oxide islands are nucleated simultaneously on the Cu-Au alloy surface with a higher Au composition while the oxygen pressure remains the same for the different alloys. It can be seen that the higher Au composition is in the Cu-Au alloy, the lower the critical oxygen pressure becomes for nucleating non-epitaxial oxide islands. Although quantitative comparison between the nucleation rates of experimental data and the model by Eq. (3) cannot be made due to practical limitations of the classic heterogeneous nucleation theory including the lack of the accurate values of surface and interface energies and the surface diffusion rates as a function of oxygen pressure, which makes the theory difficult to quantify, the real data of the experimental oxygen gas pressures and Cu-Au alloy compositions are used in the model to predict the effect of oxygen gas pressure and alloy compositions on the nucleation orientations of oxide islands during the oxidation. The outcome of the model as shown in Fig. 10 provides reasonable match with the ranges of the oxygen pressure and alloy compositions at which the orientation transitions of oxide islands from epitaxial to nonepitaxial nucleation are experimentally observed, where the oxygen pressure leading to nucleation of randomly oriented oxide islands decreases from 150 Torr to 5 Torr when the Au composition increases from 5 at. % to 50 at. %.
As the above discussion illustrates, the epitaxial nucleation of oxide islands cannot be maintained throughout the whole range of oxygen pressure, and increasing Au composition in the Cu-Au alloy results in a decrease in the critical oxygen pressure leading to the orientation transition to nucleating non-epitaxial oxide islands. The physical understanding of such an effect of the alloy composition on the orientations of oxide nuclei can be understood as follows. The rate of forming critical oxide nuclei is determined by two competing factors, i.e., nucleation barrier and the effective atom collision rate factors. At the low oxygen pressure, the nucleation barrier is high and the nucleation rate is dominated by the exponential term in Eq. (3). Therefore, oxide islands with a lower nucleation barrier show a faster nucleation rate. Thus, the nucleation of oxide islands with the strong interaction and good structural match (n ¼ 1) between oxide nuclei and substrate is kinetically favorable. Conversely, at high oxygen pressures, the nucleation barrier is reduced and the issue of effective collisions, described by the collisional pre-factor of Eq. (4), becomes more important. The nucleation of oxide islands with weak interaction and poor structural match (n ! 0, and À1) with the substrate is enhanced. The critical oxygen gas pressure leading to such an orientation transition of oxide nuclei can be modified by the alloy composition via its effect on the nucleation barrier. By adding more Au into the Cu-Au alloy, the lattice mismatch between the oxide and the alloy substrate is reduced, thereby lowering the nucleation barrier for their better structure match. Therefore, increasing Au mole fraction in the alloy leads to a decrease in the nucleation barrier, as measured in our previous work. 37 The reduced nucleation barrier correspondingly results in a lower critical oxygen gas pressure for nucleating non-epitaxial oxide islands. It is noted that the equilibrium oxygen pressure, pO e 2 , given in Eq. (2), for the formation of Cu 2 O oxide on the Cu-Au alloy surface is also changed by the alloy composition but has a relatively minor effect on the nucleation rate of oxide islands, especially under the very high supersaturation, pO 2 pO e 2 , of the oxygen pressure.
V. CONCLUSION
In conclusion, an orientation transition from nucleating epitaxial to non-epitaxial Cu 2 O islands is observed by increasing the oxygen gas pressure during the initial stages of oxidation of Cu-Au(100). The effect of Au composition on the critical oxygen gas pressure required for such an orientation transition of oxide nuclei is monitored by in situ environmental TEM. It is found that the critical oxygen pressure for this transition decreases with the increase of Au composition in the Cu-Au alloys. Such a dependence of the critical oxygen gas pressure on the alloy composition is ascribed to its effect on the oxide nucleation barrier that alters the relative importance of two competing factors, i.e., the oxide-alloy structure match and the effective collision of atoms, in determining the oxide nucleation rate. This result is expected to provide better perception into bridging the pressure gap in the still-limited understanding of the initial-stage oxidation of alloys as well as designing alloys for controlling the orientations of oxide film coating under ambient conditions.
